Abstract-A review of photodetectors for optical detection in biological applications is presented. The intent is to provide an overview of the performance metrics and trade-offs among popular photodetectors in order to facilitate an easier match among the photodetector, biological stimulus, and optical pathway. The characteristics and nonidealities of fluorescent and phosphorescent reporters, and the properties of optical components such as filters, lenses, and light sources, are reviewed. By accounting for sources of noise in these components, it is shown how to determine metrics for the optical system that can then be converted to photodetector metrics. Defined photodetector metrics include the quantum efficiency, responsivity, noise-equivalent power, detectivity, gain, dark current, response time, and noise spectrum. The operating principles and performance trade-offs of photodetectors are reviewed, and emphasis is placed on photodetectors for integrated compact systems. Top commercial candidates for photodetectors for detecting light emitted from reporters are the photomultiplier tube, avalanche photodiode, and charge-coupled device. Focus is placed on new developments in complementary metal-oxide-semiconductor structures that can provide low-cost, low-power, and low-voltage alternatives to traditional approaches to biological imaging. Reviewed device structures are presented in the context of supporting the development of laboratory-based instruments and compact fully-integrated systems.
I. INTRODUCTION
P HOTODETECTORS used to detect light-emitting reporters operate under a different set of restrictions than those used for other common applications. Sensitivity plays a predominant role in the selection of photodetectors or arrays of photodetectors for interpreting events, molecules, proteins, DNA, or other biological segments tagged with fluorescent or phosphorescent probes. Secondary to sensitivity, biological sensing requirements include the wavelength range of the light, response time, and the intensity or number of photons generated in a unit time. Matching the spectral peak of the photodetector to the application is often an assumed requirement to maximize application sensitivity. Often, a significant Manuscript received May 16, 2002 ; revised November 12, 2002 . This work was supported by the National Institute of Health under Award P50 HG002360-01. The associate editor coordinating the review of this paper and approving it for publication was Dr. Gerard L. Coté.
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Digital portion of the light intensity from the fluorescing agent is eliminated prior to photodetection because of emission filters and other elements of the optical train that, in the process of removing interfering light contributions, also remove a significant portion of the signal. In contrast to imaging for biosensing, conventional visual imaging requires high spatial resolution, wide dynamic range, and moderate sensitivity in order to produce the most (spatially) detailed image across a wide range of background illumination conditions. Very high sensitivity is usually not required and individual photodetector response times in an imager are often limited by the ability to scan an entire image within the 30 frame per second limit of human visual capability. Desired spatial resolution is unbounded in these imagers, limited only by the space consumed by the imager, the amount consumers are willing to pay, and the frame-level response time incurred by ever-increasing numbers of pixels on the focal plane. This paper focuses on the design issues relevant for optical systems and detectors used to detect light-emitting reporters, including design trade-offs and methods to match photodetector performance with the optical system. The operating principles of common photodetectors for these systems are reviewed, and emphasis is placed on new alternative methods that are especially suited for low-power, fully-integrated biological systems.
II. BACKGROUND
Photodetectors fundamentally operate on the transition of an electron from a lower energy state to a higher energy state as a result of the absorption of a photon. The energy transition can usually be classified into one of the following categories. 1) Photoconductive or photovoltaic: The electron undergoes a transition from the valence band to the conduction band. In photoconductive devices, photons generate carriers that lower the resistance of the device. Photovoltaic devices include a metallurgical junction in which photons generate a voltage across the depletion region. 2) Photoelectric (photoemissive): The electron undergoes a transition from the conduction band to a vacuum. One electron is released into the vacuum per photon of sufficient energy. 3) Polarization: The electron undergoes a transition to a virtual energy state (as in index of refraction changes and other polarization effects). 4) Phonon generation: The electron undergoes a transition to midgap states and back to an initial relaxed level. This is equivalent to heat generation. 5) Other: The energy is converted to other forms via mechanisms such as excitons.
In addition to classification related to the nature of electron transitions, electronic photodetectors can be also classified into two broad categories based on the efficiency of transition: direct 1530 and indirect. Direct photodetectors convert the incident photons directly into an electronic signal without any intermediate transduction stages. These detectors include photoemissive, bulk photoconductive, or junction-based (photovoltaic) devices. Direct detectors all operate using three basic processes: carrier generation by incident light, carrier separation, transport, and/or multiplication, and collection of the current by an external circuit [1] . Indirect optical sensors, on the other hand, involve at least two transduction stages and generally do not provide the sensitivity in the visible light range to be applicable to biosensing applications.
Systems that detect light-emitting reporters rely predominantly on the use of the (photoemissive) photomultiplier tube (PMT), cooled charge-coupled devices (CCDs), or the (junction-based) avalanche photodiode (APD) for high sensitivity detection. Table I compares the performance of these three popular choices with other common photodetectors. To provide a broader perspective on photodetectors for biological applications, we review these three devices as well as some alternative devices in the context of sensing in a biological application. Alternative choices for biosensing applications include the conventional p-n and p-i-n photodiodes and several specialized complementary metal-oxide-semiconductor CMOS structures. The devices reviewed in this paper all demonstrate detection limits compatible with detecting small numbers of fluorescing or phosphorescing reporters in bioanalysis applications.
III. OPTICAL SYSTEMS FOR DETECTING LIGHT-EMITTING REPORTERS
For biological applications that use light-emitting reporters, the optical system is designed based on the characteristics of the reporter. Light-emitting reporters are characterized by their absorption and emission spectra and quantum efficiency. The components of the optical system, such as filters, lenses, light sources, and photodetectors, are then chosen based on the characteristics of the reporter. It is beyond the scope of this paper to thoroughly review optical systems or reporters, and the system is only briefly described to show how the characteristics of the optical components can be used to calculate a set of metrics that can be related to metrics used to describe photodetectors.
A. Light-Emitting Reporters
A light-emitting reporter functions by emitting light when excited by a stimulus, and it is usually a fluorescent or a phosphorescent agent. An incoming photon of a wavelength within the absorption spectrum is absorbed by a reporter to excite an electron to a higher energy level. The electron eventually returns to a lower energy state and emits one or more photons while doing so. The difference between fluorescent and phosphorescent agents is that fluorescent agents emit almost immediately after absorbing a photon while a noticeable delay occurs between absorption and emission for phosphorescent agents. Since the emitted photons are lower in energy than the absorbed photons, the emitted photons have a longer wavelength, which is reflected in the difference between absorption and emission spectra (Fig. 1) . More details on this process can be found in [6] and [7] .
The light output of reporters is characterized by the absorption and emission spectra, by the quantum yield, and by the extinction coefficient. An example of absorption and emission spectra is shown in Fig. 1 . The extinction coefficient is the photon absorption per molecule and characterizes how well the reporter absorbs photons. Quantum yield characterizes how well the excited reporter emits photons, and it depends on the wavelength of the incident light, temperature, and other factors such as pH or the molecules to which the reporter is attached. By knowing the concentration of the optically active reporter, the intensity of the incident light, the extinction coefficient, and the quantum yield, the number of emitted photons per unit time can be roughly calculated. Other factors that will affect this calculation include photobleaching (irreversible destruction of the fluorescence process which occurs more rapidly for high intensities of incident light), quenching (chemical interference with the light-emitting process), and the absorption of emitted photons by other reporter molecules. The optical system should be designed so that the incident light on the light-emitting reporter is of high enough intensity to generate a detectable Fig. 1 . Absorption and emission spectra of a light-emitting reporter. Shown is a typical example of the absorption and emission spectra of a light-emitting reporter. (dashed line) The absorption spectrum curve is at the shorter wavelengths, and (solid line) the emission spectrum displays the characteristic shift to longer wavelengths. The overlap between the two spectra is common, and a source of signal loss includes emitted photons being reabsorbed by a neighboring reporter molecule. The intensity of the two spectra arc normalized in this figure. The emission spectrum is usually lower in intensity than the absorption spectrum.
signal at the end of the optical train, yet of low enough intensity to reduce photobleaching effects to an acceptable level. The incident light should also be within a wavelength range that matches the absorption spectrum.
B. Optical System
Optical systems for detecting light-emitting reporters can be categorized as either imaging systems or light-collecting systems. Light-collecting systems are designed to collect the light signal with a minimum of loss. Although imaging systems are usually designed to efficiently collect light as well, the optics in these systems are more complex since spatial information also needs to be preserved with a minimum of distortion. A thorough handling of imaging systems is beyond the scope of this article, and only the issues of the light-collecting system will be reviewed. Note that issues involved in designing a light-collecting system often apply to imaging systems as well.
The layout of a typical light-collecting system consists of at least a light source, filters to select particular wavelengths or reduce the light intensity, lenses to focus the light onto the sample or detector, lenses to collimate the light, screens to shield the system from stray light, a sample holder, and one or more photodetectors. When designing an optical system to detect biological reporters, the elements need to be chosen in consideration of the characteristics of the reporter.
For compact, low-power implementations, the light source often has a continuous spectrum that emits at optical frequencies within the absorption wavelength range of the reporter. In general, light sources either emit a continuous spectrum or may only emit at discrete wavelengths. Sometimes the light source includes a monochronometer to convert a continuous spectrum into discrete wavelengths, but this increases the cost and size of the source. Furthermore, the light output can be designed to either be continuous or to emit short bursts of light [8] . Fig. 2 . Selection of absorption and emission filters. The cutoff frequency of the absorption and emission filters are chosen so that there is no overlap between the transmission spectra. Shown is (dotted lines) the original absorption and emission spectra and (solid lines) a theoretical choice in the transmittance spectra for the excitation and emission. The cutoff of a filter is defined as the point where light is at 50% of maximum transmittance. Because the filters require a wavelength gap between their cut-offs due to a slightly sloping cutoff line and to account for shifts due to temperature or other effects, the wavelengths between the two regions are filtered out and are, thus, a source of signal loss.
A bandpass or low-pass filter, called an excitation filter, can limit the wavelengths from the light source to only those are within the absorption spectrum. To reduce photobleaching, the light intensity may also need to be reduced with a filter. Generally, the function of filters is to modify the intensity of radiation based on the wavelength of light. The three common types of filters are those that have a sharp cutoff between the wavelength ranges that are transmitted and those that are blocked, filters that have a gradual change between regions, and neutral density filters that reduce the intensity of light for all wavelengths [9] . Sharp cutoff filters, the most common filter in optical systems used to detect reporters, can be further classified as either being short-pass if it transmits light at shorter wavelengths, long-pass if it transmits light at longer wavelengths, or bandpass if it transmits or blocks a limited range of wavelengths. These filters are commonly either colored glass or interference filters. The advantage of colored glass filters over interference filters is that the filter properties are insensitive to the angle of incidence, while in interference filters, the cutoff shifts to shorter wavelengths as the angle of incidence is moved away from the normal. The spectral properties of both filters have a slight dependence on temperature [10] .
The sample (held in a cuvette or other holder) is excited with the light emitted from the excitation filter. The reporter absorbs photons and emits light in all directions, and only part of this light can be gathered [6] . It is passed through a long-pass or bandpass filter, called an emission filter, that filters out the excitation light from the light source. Fig. 2 shows the transmittance of absorption and emission filters suitable for the reporter shown in Fig. 1 . Along the pathway, the light may be collimated using a collimating lens or focused using a focusing lens. These lenses change the optical pathway of the light to reduce loss between optical elements or optimize sensitivity. To travel longer distances with minimal loss, fiber optics are often used between optical elements. More information about lens design and the principles of fiber optics can be found in [11] .
The final emitted signal must be properly coupled into the photodetector. Antireflective coatings at the photodetector/air interface can reduce scattering effects due to reflection and refraction. The size of the light beam must also match the active area of the photodetector. The active area of a photodetector is the region of the photodetector that is capable of detecting light. Any light that falls outside this region will not be detected.
In addition to the losses due to the properties of the light-emitting reporter, primary sources of signal loss from the optical system arise from filtering and scattering. Because there can be no overlap between the absorption and emission bands, the emission filter usually filters out a small part of the emission spectrum, and all light that is emitted within this range is lost. Filters also slightly reduce the intensity of the light that is within the transmission wavelength band. Scattering is a general term for light that has deviated from the intended path [12] . One common source of scattering is reflection, which is caused by a difference in refractive indices between elements along the optical train. Proper coupling between elements can reduce this effect.
Sometimes noise sources introduce excess light rather than attenuate it. Stray light is an obvious noise source and can be reduced through proper shielding. Also, many materials exhibit fluorescent properties, or they autofluoresce [5] . Since the spectrum of the light arising from autofluorescence is shifted, it may not be effectively filtered before reaching the detection stage.
C. Metrics for the Optical System
In order to properly select a photodetector, a set of metrics needs to be calculated based on the choice of optical system and reporter. To calculate this metric, the properties of both the optical components and the reporter must be known. First, the spectral characteristics of the light incident on the reporter can be calculated by accounting for the spectral characteristics of each element along the excitation optical train (1) where is the intensity as a function of wavelength for the light striking the sample, is the transmission of the excitation filter, is the emission spectrum of the light source, accounts for scattering effects along the excitation optics, and accounts for noise such as stray light and autofluorescence along the emission optics. The extinction coefficient and quantum yield can be used to calculate how much light is emitted by the sample (2) where is the spectrum of the emission from the reporter, is the quantum yield of the reporter (which depends on temperature and other factors), and is the absorption coefficient of the reporter. Finally, the spectral characteristics of the emission optics can be accounted for (3) Fig. 3 . Output spectrum. (Solid line) Shown is a theoretical output spectrum of an optical system. This is the light signal that reaches the surface of the photodetector. The spectral range matches the emission spectrum of the light-emitting reporter, but the signal has been attenuated due to filters in the optical pathway. Other effects such as autofluorescence and scattering has slightly modified the wavelength content of the signal. The output spectrum can be used to determine an appropriate photodetector for the system.
where is the transmission of the emission filter, accounts for scattering along the emission optics, accounts for noise along the emission optics, and is the final spectrum that reaches the photodetector. Note that these calculations have been somewhat simplified by ignoring angular dependencies. The final result is a curve showing the intensity of light over a range of wavelengths, like that shown in Fig. 3 .
Two factors must be considered in choosing a photodetector to best match the output spectrum, once known. First, the responsivity or quantum efficiency should be matched to the shape and magnitude of the output spectrum. Second, the minimum detectable signal of the photodetector (determined by the noiseequivalent power or dark current metrics) must be smaller than the peak of the output spectrum. The next section reviews performance metrics used to describe photodetectors and shows how to use the information in Fig. 3 to predict the performance of a photodetector using these metrics.
IV. PERFORMANCE METRICS FOR PHOTODETECTORS
This section reviews the metrics used to characterize the performance of a photodetector. The objective is to translate between the output spectrum of the optical system (e.g., Fig. 3 ) to common photodetector metrics. Briefly, responsivity and quantum efficiency determine how well light is transduced into an electrical signal based on wavelength; gain determines how much the incoming light signal is amplified by inherent multiplication of the photodetector; noise-equivalent power, detectivity, and dark current account for noise in determining the final transduced signal; response time characterizes the speed of detection; noise spectrum characterizes the frequency content of noise. In this section, the optical spectrum calculated in the previous section will be related to quantum efficiency. Then the responsivity, noise-equivalent power, and detectivity will be defined in terms of their relation to quantum efficiency.
Finally, additional information provided by gain, dark current, response time, and noise spectrum are reviewed.
A. Quantum Efficiency
Quantum efficiency is defined as the number of carriers generated per incident photon by a photodetector. The internal quantum efficiency is the number of pairs created divided by the number of photons absorbed and is usually very high in pure defect-free materials. The external quantum efficiency accounts for only the photon-generated carriers collected as a result of light absorption. Since it reflects the useful portion of signal created by interaction of light and photodetector, external quantum efficiency is a more relevant parameter for photodetector characterization than internal quantum efficiency. External quantum efficiency is defined as the number of carriers collected divided by the number of incident photons (4) where is the photodetector current generated in response to incident light, is the electron charge, and is the incident optical power in watts. The quantity is the energy per photon in Joules, where is Planck's constant and is the frequency. The frequency is related to wavelength through the well-known relationship , where is the wavelength in a vacuum and is the speed of light. Note that if light is propagating in a medium other than a vacuum, the frequency remains the same while the velocity and wavelength change, and the change in velocity is determined by the refractive index, or , where is the velocity and is the refractive index [13] . The external quantum efficiency depends on the absorption coefficient of the material and the thickness of the absorbing material. Assuming no reflection of light from the surface of the photodetection material, if the photon flux density at the surface is , then the photon flux at depth is given by Beer's law: (5) where is the absorption coefficient, in cm . Note that can be related to the optical power, , by the relation , where is the active area of the photodetector. is a strong function of wavelength and varies greatly depending on the material. The electron-hole pair generation rate at a depth from the illuminated side of the semiconductor layer (the depletion region in a junction-based device) is given by (6) in cm s , where is the internal quantum efficiency. By knowing the depth to which photons are likely to penetrate, the detector can be optimized for particular wavelengths by physically matching the detection region to regions of highest absorption. For example, to optimize a silicon structure for detecting blue light, the detection region should be shallow and close to the surface. For red light, though, better performance may be achieved by creating a wider lightly doped depletion region deeper in the device. Furthermore, if there is an overlying layer above the photodetection device (e.g., the passivation layer often included for CMOS devices), the absorption characteristics of this layer will result in signal attenuation. This attenuation depends on the wavelength of the incident light and can drastically reduce the expected performance of a device.
Reflection of light from the surface of the material is another source of signal loss. Most semiconductors have a high refractive index, typically 3 to 3.5. The difference in refractive indices across interfaces between the photodetector and the surrounding environment can cause significant refraction and reflection. Of the light flux falling onto any air-semiconductor interface, usually 30 to 40% is reflected. A well-designed antireflective (AR) coating can reduce or even eliminate this loss [13] . In summary, these sources of loss relate the external quantum efficiency to the internal quantum efficiency, and this relation can be mathematically expressed by (7) where is the optical reflectivity at the interface [14] .
In addition to the above losses, the detection efficiency of a photodetector will also be affected by poor matching between the active area and the size of the light signal beam, material defects, and the band structure of a semiconductor material. The band structure of a semiconductor can either have an indirect bandgap or a direct bandgap. A direct bandgap implies that no phonon (change in carrier momentum) is necessary for an electron to complete the energy transition from the valence band to the conduction band. The transition is then a one-particle process, and the probability of the transition is increased. If a phonon is required, the transition becomes a two-particle process and the transition probability drops dramatically [15] .
For both direct and indirect bandgap materials, the absorption coefficient drops to zero if photons do not have enough energy to excite an electron to the conduction band. For direct bandgap materials, the minimum energy of a photon is equal to the energy gap of the material. The situation is more complicated for indirect bandgap materials. Since the photon absorption process can absorb a phonon, the minimum energy is the energy gap minus the phonon energy. A more thorough discussion of band theory can be found in [15] .
In summary, the limit of absorption at long wavelengths is determined by the energy gap (or absorption edge) of the material. At short wavelengths, absorption is limited by the incident optical energy being absorbed near the surface of the device where it is more difficult to detect. Because of fabrication constraints, it is usually difficult to place the detection region precisely at the surface of the device. For example, silicon forms a thin silicon dioxide layer at surfaces exposed to air, and photons at short wavelengths can be absorbed in this layer and result in no signal generation.
Because of these sources of loss, no device has perfect external quantum efficiency. A typical range is between 20% and 95%, depending on the device material, photon wavelength, and sensing mechanism. Gallium arsenide, a direct bandgap semiconductor, can have quantum efficiencies higher than 70% [4] . On the other hand, silicon, an indirect material, has significantly lower quantum efficiencies within the range of 20% to 40% [4] , [5] .
In a biological system, if the output spectrum of the optical system is known (shown in Fig. 3 ), the external quantum efficiency can be used to determine the magnitude of the photogenerated current in response to a light signal. Fig. 3 is the optical intensity as a function of frequency. For each optical frequency over the frequency range of interest, the current that flows in response to light at that frequency is . The total current can then be calculated by summing all current contributions from each optical frequency. For imaging devices that collect charge, it is more useful to calculate the number of photogenerated electron-hole pairs. If is the integration time of the device, then the number of electron-hole pairs generated due to light at a specific frequency is . The total number of photogenerated charges is the sum of the contributions at each frequency.
Other metrics which describe the sensitivity of a photodetector, including responsivity and noise-equivalent power, depend directly on the external quantum efficiency. If the quantum efficiency is known, the optical frequencies over which the detector performs well can be determined, and peak sensitivity can ideally be matched to the optical signal produced by the biological application.
B. Responsivity
Responsivity is defined as the output current divided by the incident light power, or (8) where is the output current of the photodetector in response to light and is the optical power incident on the photodetector. Note that the equation for responsivity strongly resembles that for quantum efficiency, and the two metrics are related by a factor of . Thus, responsivity depends directly on the external quantum efficiency of the device, and it can be used with Fig. 3 to determine the photogenerated current in response to light emitted from biological reporters. The spectral response curve is a plot of responsivity as a function of wavelength. The peak of this curve should match the peak of the emission spectrum of the optical system for highest sensitivity.
C. Noise Equivalent Power
Noise equivalent power (NEP) is the amount of light required to collect a signal equivalent in power to that of the noise in a photodetecting device. In other words, it is the amount of light that results in a signal-to-noise ratio (SNR) equal to 1. In terms of other performance metrics, NEP can be defined as the rms noise current divided by the responsivity, and it has the units Hz. The Hz component arises from the dependency of the rms noise current on the noise bandwidth. Note that noise bandwidth and the common 3-dB bandwidth used to describe electronic circuits are different. Section V contains more details about noise current and noise bandwidth, and a thorough handling of the subject of noise can be found in [16] .
Usually photodetectors are characterized by a single NEP value, but NEP is actually dependent on the frequency of light. The NEP given in datasheets usually corresponds to the responsivity peak of a photodetector. Although NEP is useful for comparing photodetectors, the lack of spectral response information means that this value will only give a best-case approximation to how the photodetector will respond to a light signal. If the rms noise current is known, the peak responsivity is NEP. An upper limit of the photogenerated signal can be calculated by assuming that the responsivity is constant over the entire operating wavelength range of the photodetector.
D. Detectivity
NEP is proportional to the square root of the detector's active area, or . The detectivity, , corrects for the proportionality of NEP and is the reciprocal of the NEP [17] . In other words, the detectivity provides a representation of the noise level in a photodetector, independent of the detector area. Mathematically, is given by
Like NEP, detectivity is a metric that is used to compare photodetectors, but is not well-suited for determining the response of a photodetector to an intensity spectrum.
E. Gain
The gain characterizes any inherent signal multiplication of a photodetector. Gain is defined as the ratio of the total current that flows in response to incoming light to the current that flows in direct response to impinging photons (the primary photocurrent) (10) where is the gain, is the output current, and is the photon-generated current. Although the symbol is used here, this is by no means standard and the symbol used for gain varies widely. In many photodetectors, such as the p-n junction, the maximum possible gain is 1, since no inherent carrier multiplication scheme exists in the device. In other devices, such as the PMT and APD, inherent carrier multiplication can result in gains much higher than one. High gain is not without disadvantages, however, as inherent carrier gain amplifies both primary photocurrent and the noise in the device. The best trade-off between gain and noise performance ultimately determines the usefulness of the photodetector device for a particular application.
F. Dark Current
Photodetectors are usually operated under an applied bias which generates an electrical signal even in the absence of light. The generation of this signal arises from material imperfections and operating temperatures above absolute zero, both of which generates carriers under no-light conditions. This electrical signal is termed the dark current of a photodetector. By definition, the dark current is a small current that is present in the absence of light. In general, a larger applied bias voltage across the photodetector increases the dark current. Dark current places a limit on the ability of subsequent detection electronics to detect small signals from the photodetector.
G. Response Time
The response time is a time constant (in seconds) that expresses the time required for a photodetector to go from 10% to 90% of its final response state. Another name for response time is rise time. In biological applications which detect events, the response time should be much shorter than the time it takes for the light-emitting biological event to occur. If the response time is longer, the system may not be able to resolve separate events.
For photodiodes (both p-i-n and APD), the response time is usually dependent either on the size of the active area or the RC time constant of the circuit. The RC time constant is the capacitance C of the photodiode junction multiplied by the load resistance R (usually a small resistor placed in parallel with the detector or the small-signal resistance of the photodetector device itself), and can be represented as RC. Response time is also dependent on how long it takes a photogenerated electron to travel from the active area to one of the output terminals; the larger the active photodetecting area, the longer the response time. Overall response time is limited by the slowest process in the photodetecting process.
For photoemissive devices, the response time is determined by the electron transit time through the device or the external circuit. The response time for these devices tends to be extremely fast. Other devices, such as the CCD, integrate the light signal and as a result have a response time that is much slower than the time required for an incident photon to become a current carrier. In these devices, incident photon effects are accumulated over time and the response time of the devices is set by how long the device accumulates carriers before sweeping them out to detection circuitry. For this reason, for integrating devices it is more appropriate to describe the frame rate of the array rather than the response time. The frame rate describes how long it takes to move the integrated signal outputs of an entire array of pixels off the focal plane.
H. Noise Spectrum
Often the noise of a photodetector depends on the frequency of operation. The noise spectrum is the noise voltage or current plotted as a function of electrical frequency. By knowing the electrical frequency at which the photodetector operates, the noise spectrum can be used to determine the magnitude of the noise. It can also be used to calculate the dependence of the SNR to frequency [18] . The noise spectrum is not directly related to the noise bandwidth.
The term power spectral density is used to describe the noise content as a function of frequency. The power spectral density can determine the noise power of the system by integrating over the (electrical) bandwidth (11) where is the noise power over a bandwidth range, is the power spectral density, and is the bandwidth.
V. PHOTODETECTOR NOISE AND ELECTRONIC NOISE REDUCTION
In biological sensing applications, the light signal can push the detection limits of a photodetector, and because the input signal is at the detection threshold, both the noise of the photodetector and attenuation of the signal from the optical system play an important role determining whether a photodetector is suitable for a given application. Noise can be defined as any unwanted disturbance that obscures or interferes with a desired signal [16] . The performance of a photodetector depends on the inherent electrical noise in the detector, the noise in the optical pathway (Section III), and nonidealities of the photodetector material (Section IV-A). Major sources of electrical noise in photodetectors include thermal noise, shot noise, and low-frequency noise. In this section, the major sources of electronic noise for biological applications are defined, and methods for reducing these noise sources are reviewed.
A. Thermal Noise
Thermal agitation of the carriers that occurs in resistive elements gives rise to thermal noise. This is one of the most prevalent sources of noise. The mean square thermal noise power is given by (12) where is Boltzmann's constant, is the absolute temperature, and is the noise bandwidth [18] . Another term for thermal noise is white noise. For any given bandwidth, the noise content is equivalent, or in other words, the magnitude of the thermal noise power does not depend on frequency. To reduce thermal noise, the device can be operated at lower temperatures.
B. Low Frequency Noise
Low-frequency or 1/f noise is any noise whose spectral density has a 1/f dependence (noise increases as frequency decreases). Other names for low-frequency noise include flicker noise, excess noise, pink noise, semiconductor noise, and contact noise. The major cause of 1/f noise in semiconductor devices is traceable to the surface properties of the material [16] .
Circuit techniques such as autozeroing (AZ), correlated double sampling (CDS), and chopper stabilization (CHS) are effective for reducing flicker noise. AZ and CDS operate by sampling the noise and then subtracting the noise signal from the input or output of the circuit. Because AZ and CDS reduce noise through sampling, these circuits are most applicable to systems that already use data-sampling. For CHS, the signal is modulated to a higher frequency, amplified, then demodulated back to the original frequency band. By amplifying the signal at high frequencies, the low-frequency noise is not amplified along with the signal. For continuous-signal systems with a large low-frequency noise component, CHS is the preferred method [19] .
C. Shot Noise
Current flowing in devices is not smooth and continuous, but is rather the sum of pulses of current caused by the flow of car-riers, each carrying one electronic charge. The variations in this pulsing flow are referred to as shot noise. The rms value of the shot noise current is given by (13) where is the electron charge, is direct current in amps, and is the noise bandwidth in Hz. Shot noise is associated with current flow across a potential barrier. Such a barrier exists at every p-n junction in semiconductor devices and at the cathode surface in a vacuum tube. Since a simple conductor has no barrier, it also has no associated shot noise. To reduce shot noise, the device should be operated at a lower applied bias, if possible.
D. Noise Bandwidth
Noise bandwidth is defined as follows. A circuit is characterized by a power gain curve, or the amplification of a signal versus frequency. The area underneath this curve is equal to a rectangular area whose height is the peak of the power gain and whose width is defined as the noise bandwidth. Mathematically, the noise bandwidth can be represented by the following equation: (14) where is the power gain as a function of frequency and is the peak power gain [16] . The power gain can be determined by analyzing the behavior of the circuit. For a photodetector operating under a constant applied electrical voltage, the noise bandwidth is directly related to the inherent noise properties of the photodetector. Changes in measurement strategy can reduce the noise extracted from the photodetector during high sensitivity measurements.
The dependency of NEP on noise bandwidth can be understood through the following qualitative example on reducing the electronic noise contribution. A photodetector is to be integrated with an amplifier circuit characterized by some frequency response. If the amplifier is designed to respond to a wide range of frequencies, then it will also respond to the noise at those frequencies, and the total noise signal will be larger, requiring a larger optical signal to obtain a signal-to-noise ratio equivalent to 1. But if the amplifier circuit passes only a very narrow band of frequencies, the output noise signal will be reduced. Relating this to (14) , the narrowband amplifier tends to have less area under its power gain curve since it amplifies the signal over a smaller frequency range. To reduce noise, the amplifier can be designed so that it passes as narrow a band of electrical frequencies as possible while still obtaining a signal from the photodetector. Since the noise component is smaller, the device will be more sensitive. Finally, the calculation of the power curve depends on the actual design of the circuit, so simply reducing the electrical bandwidth of the amplifier may not decrease the noise bandwidth, although it often does.
E. Summary
Sources of electronic noise in photodetectors include thermal noise, flicker noise, and shot noise. Because the contribution of these noise sources depend on noise bandwidth, proper choice Fig. 4 . Structure of a PMT. The PMT consists of a photocathode to convert incident photons to electrons, focusing optics to focus the electrons onto the first dynode, a cascade of dynodes that multiply the electron, and an anode to collect the now numerous electrons. In order for the electrons to not be scattered from gas molecules, the inside chamber is at a high vacuum. To assist with focusing, the photocathode is placed at a large negative potential. Dynodes are at subsequently lower potentials.
of bandwidth can reduce the effective noise in the system. Furthermore, dependencies on temperature for thermal noise and bias for shot noise pose alternative solutions to reducing noise, and circuit techniques are available for reducing low-frequency noise sources. The operating principles behind different classes of photodetectors will change the noise characteristics of the device. In the following sections, popular photodetector devices are overviewed, with an emphasis on applications to integrated microsystems for biological applications and noise sources specific to a photodetector architecture.
VI. PHOTOMULTIPLIER TUBES
Photomultiplier tubes (PMTs) are the most sensitive photodetectors for the visible light range. They are also fragile, larger than semiconducting detectors, and more expensive. Because of their superior performance, they are a popular choice for biological sensing applications, especially in a laboratory setting, but PMTs are not the best choice for fully integrated microscale systems because of their high operating voltages, fragility, size, and cost.
PMTs detect light through the photoelectric effect and typically operate in the following way: 1) Photons enter through an input window, 2) the photocathode absorbs photons and emits electrons into a vacuum, 3) the electrons are accelerated and focused onto the first dynode, 4) the dynode multiplies the electron through secondary electron emission, 5) the electrons travel down the dynode chain and are multiplied by each dynode, and 6) the electrons are finally collected by the anode. The typical structure of a PMT is shown in Fig. 4 . The following sections briefly overview the components of the PMT, and more details are available in [14] .
A. Photocathodes
The principle of operation for photocathodes involves exciting an electron from the conduction band into the vacuum. This process is termed the photoelectric effect, the photoemissive effect, or the Einstein effect, and it is represented by the equation (15) where is the energy imparted to the electron, is Planck's constant, is the frequency of the light, and is the binding energy of the electron to the atom (the work function for metals or the electron affinity for semiconductors). When a photon strikes the photocathode material and the energy of the photon exceeds the binding energy of the electron, the electron will be excited from the conduction band of the photocathode to the vacuum.
Ideally, photocathode materials have a low electron binding energy and a high quantum efficiency (photons are more efficiently converted to electrons). Photocathode materials are usually either alkali and group V metals (e.g., Na, K, Cs, Sb) evaporated onto a metal electrode or III-V materials [20] . The advantage of III-V photocathodes over conventional cathodes is that, when activated by cesium, it is possible to produce materials with negative electron affinity (NEA) in which the electron binding energy is negative [21] . Most photocathode materials must remain in a vacuum to retain their photoemission properties.
The probability that an electron will be emitted is given by the quantum efficiency, which depends on the reflection coefficients of the window-air, window-photocathode, and photocathode-vacuum interfaces; the absorption coefficient of the photocathode material; the probability that the photon excites an electron to an energy level above the electron binding energy ; the distance that excited electrons can diffuse before returning to a lower-energy state; the probability that electrons reaching the photocathode surface will be released into the vacuum [14] .
Photocathodes either reflect or transmit the photon-generated electron. Reflection-mode photocathodes are metal plates coated with a photoemissive material, and transmission-mode photocathodes are usually transparent plates coated with a thin photoemissive film. Of the two types of PMTs, transmission mode tubes are most often used for biological sensing applications. In these devices, the electron travels the same direction as the initial photon.
B. Secondary Gain Mechanisms
The two most common secondary gain mechanisms of photoemissive sensors are gas ionization and dynode multiplication. Of the two types of secondary gain, dynode multiplication provides the highest sensitivity. Because it is less applicable to biological sensing applications, gas ionization multiplication is not reviewed here, and recent advances in these types of sensors can be found in [22] .
Dynode multiplication devices have a dynode chain that electrons strike as they travel through the device. A dynode is a type of cathode whose surface is coated with a low work function material. By choosing an appropriate dynode geometry, electrons are focused to avoid a large spread in transit path lengths. For dynodes with an average electron gain , the overall gain is . There are a variety of dynode configurations which result in differing response time and gain. For biological sensing applications, the box-and-grid and linear-focused configurations are most common because of their high collection efficiency. Another dynode configuration is the micro-channel plate (MCP). [14] The MCP is constructed by bonding capillaries together to form a parallel array, pulling the capillaries axially, then cutting the arrays at an angle. A low work function material is then deposited inside each channel and a voltage is dropped along the channels. The final plate is around 1-mm thick and exhibits ultra-high speed detection. These devices can also provide spatial resolution of the signal. An overview of the characteristics of each structure is shown in Table II .
The response time of a PMT is largely determined by the flight path of the electrons through the dynode structures. Within limits, increasing the supply voltage increases the electron transit speed and shortens the transit time.
C. Sources of Noise
The major noise source for photoemissive detectors is the dark current, which is due mostly to thermionic emission of electrons from the photocathode or dynodes, and is given by the Richardson-Dushman equation (16) where is Richardson's constant ( in a vacuum), is the cathode area, is the work function, is Boltzmann's constant, and is the absolute temperature in K [20] . Other contributions to dark current are 1) leakage current between electrodes inside the tube, 2) scintillation-induced photocurrent, 3) field emission current, 4) ion feedback from residual gases, and 5) noise current caused by cosmic rays, radiation, and gamma rays. Shot noise is another source of noise that arises from fluctuations in the arrival rate of photons. A review of noise in PMTs and reducing the noise can be found in [14] .
Multiplication in a PMT is an inherently less noisy process than avalanche multiplication in a semiconductor. In an APD, avalanche multiplication is randomly initiated in space, while in a PMT, the multiplication process occurs semi-coherently at the dynodes. A coordinated multiplication process is less noisy than a randomly initiated one. In addition, single-carrier multiplication is less noisy than a bipolar (electron-hole pair) multiplication process.
D. Photon Counting Mode
Photon counting mode is implemented by setting a lower and upper threshold for the output signal. Thermally generated electrons from the dynodes are multiplied by subsequent dynodes in the chain, but the electrons undergo less multiplication than electrons emitted from the photocathode. By determining the typical range of photon-generated signals, any other signals which are not within this range can be filtered out. Photoncounting usually also sets an upper threshold on the signal to around two photons within the time resolution of the PMT [14] . This technique still does not filter out thermally generated electrons emitted from the photocathode.
E. Summary
For experiments which produce an extremely low level light signal, PMTs are often the best option for obtaining useful information from the experiment. For example, the inherent fluorescence (bioluminescence) of a biological sample produces an extremely weak signal which is capable of being detected with a PMT [23] . The extremely fast response time of a PMT can also be used to obtain time-dependent information for the experiment, such as for time-resolved fluorescence spectroscopy [24] . For fully-integrated systems, though, other considerations, such as cost, fragility, and size, may eliminate the PMT as a viable choice of photodetector for the biological application.
VII. APDs
The APD is the most sensitive solid-state device available. It is capable of being miniaturized for microscale devices, but disadvantages of this device include high operating voltages, the need for complicated supporting circuitry, and a higher cost due to the difficulty in fabricating the device. Photon counting is also available for APD devices, and the implementation of this mode of operation is similar to that used for PMTs.
APDs are p-i-n diode structures that are operated at large reverse bias voltages. Signal multiplication is obtained when photogenerated carriers gain enough energy from the electric field to generate secondary carriers through impact ionization (Fig. 5) . These secondary carriers are also accelerated by the electric field and generate other electron-hole pairs. The output current is the primary photocurrent multiplied by the avalanche multiplication factor, , which is dependent on bias voltage.
The impact ionization coefficients of electrons and holes, and (in cm ), respectively, are the reciprocal of the average distance that a carrier will travel for a given electric field before generating an additional electron-hole pair through impact ionization.
Assuming that the ionization coefficients are constant throughout the depletion region, the avalanche multiplication factor is given by (17) where is the depletion region width [1] . The avalanche multiplication process also introduces avalanche noise called excess noise. This noise is a result of the random nature of the avalanche multiplication process since every electron-hole pair generated at a random location within the depletion region does not experience the same multiplication. The excess noise factor is given by (18) When , the noise factor is maximized and is equal to . On the other hand, if one of the ionization coefficients is zero, e.g., , then the noise factor is equal to 2 [25] . Complicated APD structures have been developed in order to reduce one of the ionization coefficients and thus reduce the excess noise factor.
If one of the ionization coefficients is zero, the avalanche multiplication factor for electrons simplifies to (19) Another reason to minimize one of the ionization coefficients is to limit the time over which multiplication takes place. The time during which multiplication occurs is equal to the transit time through the depletion region plus the hole transit time. If one of the coefficients is zero, then the multiplication time is simply the transit time of an electron plus the transit time of a hole across the depletion region. But if both coefficients are positive, then a feedback loop can occur and the multiplication time can be infinitely long.
The high reverse bias used with APDs requires very uniform doping and sometimes elaborate doping profiles to prevent local variations in the electric field and premature breakdown. Thus, APDs are more expensive to manufacture, and they require complex temperature compensation and supply voltage stabilization circuitry. Quantum efficiencies in APDs can be greater than 90% at the peak wavelength of response, so the primary photocurrent generation mechanism is highly efficient. Unfortunately, avalanche gain is accompanied by noise that is much worse than for photomultipliers, since nonphotogenerated carriers are also subject to avalanche multiplication. Thorough overviews of avalanche photodiode technologies, including underlying principles and devices structures, can be found in [26] and [27] .
VIII. p-n AND p-i-n PHOTODIODES
Photodiodes are an attractive photodetector choice for use in biological applications because they are inexpensive, easy to use, are easily miniaturized, and can be implemented in arrays. But because these devices have no inherent gain mechanism, they are not as sensitive as the APD or PMT. Still, some of these disadvantages can be overcome through accompanying circuitry, and many biological sensing applications produce enough light to be easily detected by a photodiode.
A photodiode can operate either as a photovoltaic or photoconductive device, but the intensity of light required to generate a change in voltage large enough to be detected in the photovoltaic mode makes it unsuitable for low-level light detection. Because of its higher sensitivity, only the photoconductive mode of operation is applicable to biological applications. In the photoconductive mode, a reverse bias is placed across the junction and the reverse current increases when photons are absorbed within the depletion region (Fig. 6) . Although electron-hole pairs are generated at any location in the device that absorbs a photon, only those absorbed in or near the depletion region contribute to the signal current [13] . The signal current requires that the carriers be transported in order to generate a current, and in order to transport carriers, an electric field must be present. An electron and hole generated close to the depletion region may diffuse into the depletion region and be collected. The charge separation results in a potential difference across the junction that tends to decrease the built-in potential barrier (i.e., forward-bias the junction). The (electrical) I-V characteristic of a photodiode is described by (20) where is the saturation current, is the current resulting from photon generation, is the applied bias, is Boltzmann's constant, is the absolute temperature, and is the electron charge. Illumination shifts the I-V characteristics of a p-n junction downward and therefore results in an increased reverse current.
A p-i-n photodiode is a p-n photodiode with a lightly-doped region at the p-n junction. This architecture effectively increases the depletion width, which results in a higher collection efficiency since incoming photons are more likely to generate collected electron-hole pairs. It also lowers the junction capacitance and increases the transit time. Although less junction capacitance reduces the RC time constant of the device, the longer transit time limits the overall time response of the device. Photodiode speed is mainly determined by three factors: diffusion time of carriers generated outside the depletion region that are close enough to diffuse into it (can be reduced by making the depletion region close to the surface), drift time in the diffusion region (reduced by making it only wide enough to absorb maximally but not too thin so that capacitance goes up), and junction (a) (b) Fig. 6 . p-i-n photodiode and I-V characteristics. Shown is (a) the structure of a p-i-n photodiode and (b) its current-voltage characteristics. Incident light strikes the depletion region and photogenerated electron-hole pairs are swept out to be collected at the contacts. As the light intensity increases, the photogenerated current increases. The p-i-n photodetector acts as a photoconductor in this case.
capacitance (reduced by strong reverse bias and an intrinsic region). An overview of p-n diodes can be found in [25] .
When designing a high-throughput microscale biological system, the samples usually flow through multiple parallel microchannels. This architecture is easily integrable with photodiode arrays, and if the arrays are fabricated in a silicon substrate, integration with signal processing circuitry becomes trivial. Recent research has focused on the development of microchannel arrays integrated with photodiodes in silicon [28] , and these devices have the potential for achieving high throughput processing of biological samples.
IX. CCD STRUCTURES
Recently, CCDs have become a popular choice for use in biological applications. The main advantage of CCDs over other photodetectors is that they provide spatial information about the system. Although CCDs have an extremely slow response time, this is often not a critical factor in biological experiments, and the devices can be cooled to obtain the sensitivity required to detect the light-emitting reporter. These devices are not easily miniaturized since they often require both focusing optics to collect the signal as well as cooling.
A CCD is an array of metal-insulator-semiconductor (MIS) or metal-oxide-semiconductor (MOS) structures that can detect, store, and transfer photogenerated charge. The basic structure is a metal or polysilicon gate above a dielectric and a semiconductor substrate below, forming an MOS capacitor which is charged up from photogenerated carriers (Fig. 7) . The gate is biased to place the semiconductor into inversion (positive gate voltage for a p-type substrate). Under equilibrium conditions, minority carriers (electrons in this case) would invert the silicon underneath the gate. A CCD structure, though, never allows the MOS structure to reach this state; instead, it transfers the accumulated carriers from the well before the well fills up. The minority carriers stored underneath the gate are generated by two mechanisms: thermal generation and photon generation. When a photon is absorbed, an electron-hole pair is created, and the electron is swept toward the gate where it is stored until the charge is transferred out.
In order to transfer the charge underneath the gate, the MOS structure is placed close to other MOS structures. Charge is transferred in a definite direction by either using three sets of clocked gates or an asymmetric well structure. For either transfer scheme, the efficiency of the charge transfer is extremely high ( 99.99%).
To manufacture color CCDs, filters are applied directly to the sensor areas using dyed photoresist [1] . These filters introduce an additional source of loss of the optical signal.
A. Signal Handling Limits
The limit of the signal handling capacity depends on the maximum number of minority carriers that a well can store. When a well is full, the device is under equilibrium and any further photogenerated electron-hole pairs are lost through recombination. A full well may also create a noise source called "blooming", in which the full well overflows and minority carriers flow into surrounding potential wells, creating an area of saturated pixels.
B. Charge Transfer Inefficiency
Ideally, all charge would transfer from one well to another during a transfer cycle, but this rarely happens in a real device. The transfer inefficiency is the percentage of charge left behind after a transfer. The two main causes of incomplete charge transfer are trapping at interface states and incomplete free charge transfer. At slow clocking frequencies, interface state trapping determines the transfer inefficiency (especially for a surface channel device), whereas at higher clocking frequencies, there are limitations in the speed of transfer of the free charges. The influence of interface state trapping is very complex since the interface states fill nearly instantaneously when exposed to minority carriers and emit more slowly. In cases where the amount of transferred charge is small, as is often the case for biological applications, the effect of interface states is even more significant. A detailed analysis of interface state trapping and charge transfer can be found in [30] - [32] .
One method to reduce the number of interface states is to store charge away from the gate by implanting a p-n junction deep within the substrate. These devices are called buried-channel CCDs (BCCDs).
C. Sources of Noise
The major source of noise in CCDs is thermal generation of minority carriers [32] . Because the performance of a CCD depends on charge storage, thermal noise is often put in terms of charges per pixel per time unit rather than a dark current. Other sources of noise include fluctuations in cosmic rays, transfer inefficiency, and fluctuations in the thermal generation of minority carriers [33] .
D. CCD Structures
Most CCDs are BCCDs, in which the charge storage area is far away from the gate. Because the minority carriers do not come into contact with surface states, the devices exhibit more complete charge transfer and lower noise. BCCDscan also be operated at higher clocking frequencies, but a potential disadvantage of these devices is the well storage capacity is a factor of two or three smaller than for surface CCDs (SCCDs). In SCCDs, the charge storage area is at the surface directly below the oxide layer.
CCDs are also either front-illuminated or back-illuminated. When the device is illuminated from the front, surface reflectivity increases with decreasing wavelength, and the absorption of blue light is limited. Backside illumination requires thinning the substrate from 300 m to around 10 m, which increases the manufacturing costs and requires complicated manufacturing processes to avoid undesirable side-effects such as wafer bending. Backside-illuminated devices are inherently more sensitive than frontside-illuminated devices, since the light is not attenuated by passing through the polysilicon gate and oxide regions before reaching the potential well.
The architecture of a CCD generally falls into one of four categories: full frame, frame transfer, split frame transfer, and interline transfer. For full frame, the image is transferred directly from the imaging region to the readout register. However, since only one pixel at a time can be read out, the other pixels are waiting to be read out and can collect more photogenerated carriers. The imaged information can thus be distorted before reaching the readout register. To preserve the image information, a mechanical shutter can be used to block light during the readout period. But because the mechanical shutter requires that no light can be collected for a substantial delay, light-emitting systems that produce a continuous light signal may not be compatible with this architecture. The other architectures have light-shielded storage sections: a full frame for frame transfer, two half frames for split frame transfer, and columns for interline transfer. Following the image capture period, the image is quickly transferred to the adjacent storage section. While the next image is being captured, the previous image is transferred to the readout register. Although no mechanical shutter is needed, a large proportion of the imaging section is not sensitive to light, reducing the overall sensitivity of the device. For biological systems which produce a very low-intensity light signal, systems which use a mechanical shutter and cooling will exhibit extremely low distortion of the signal.
X. ALTERNATIVE CMOS STRUCTURES
CMOS photodetectors have been largely dismissed for mainstream imaging applications due to their poor noise performance compared to their CCD counterparts. However, decreasing feature size has continued to narrow the performance gap between CMOS photodetectors and CCD devices for imaging applications. In fact, commercial CMOS imagers whose system level performance can compete with CCD performance are now on the market. The low cost and ease of manufacturability associated with CMOS photodetector structures has continued to feed research and development into making these devices competitive with CCD imagers and is also generating interest in using these devices for biological sensing and analysis applications.
Many of the primary design constraints associated with CMOS photodetectors shift significantly when considered for relatively low (spatial) resolution applications such as those associated with biological sensing and analysis. For these applications, many CMOS photodetector structures offer comparable or better performance than CCDs. Like CCDs, they also offer a practical choice for compact or portable analysis systems that is not possible with PMTs due to their large size or with APDs due to their high operating voltages. In traditional imaging or in large feature size processes, the CCD offers better electrical noise performance because of decreased gate capacitance. The primary contribution to electrical noise in these devices occurs when the electrical charge is transferred away from the source of impinging photons. The electronic noise is dominated by Johnson noise in the channels of transistors that ultimately convert the photocharge or photocurrent to an amplified signal [34] ( 21) where is the number of charge carriers on the transistor gate (the photocharge); is the total gate capacitance of the transistor (generated by the oxide capacitance of all transistors the gate is connected to as well as stray capacitance from interconnect lines); is the electronic charge; is Boltzmann's constant, is the absolute temperature; is the bandwidth of the transistor (total frequency range under which the transistor performs at maximum gain); is the transistor's transconductance (which is proportional to the channel current); is 2/3 under typical operating conditions in a MOSFET.
In a given transfer cycle in the CCD, charge is transferred in packets from one pixel to an adjacent pixel. At the end of the line of transfer, the amplification circuitry (transistors) sees only one pixel's worth of capacitance because of the serial nature of photocharge transfer in a CCD. In typical CMOS photostructures, however, the amplification circuitry sees a capacitance generated by a full row or column of pixels and associated interconnect capacitance. In conventional imagers, amplification occurs only at the end of every row or column, causing the C term in (21) to be far less (fF) than that of a CMOS photodetector structure (pF). Conventional imagers, place amplification circuitry at the end of every row to conserve space and Fig. 8 . Buried double junction structure. This novel photodetector structure is implemented in a CMOS process and consists of two p-n junctions: shallow and deep junctions which are sensitive to short and long wavelengths, respectively. The sum of the two photocurrents is representative of the total impinging optical power; the shallow junction photocurrent is proportional to the impinging optical power at wavelengths between 400 and 650 nm, and the ratio of the two photocurrents provides information about the wavelength of impinging light.
fill factor for maximum image resolution. However, in biological sensing and analysis, high image resolution is usually secondary to high sensitivity. For this reason, and because of decreasing feature size which enable even smaller circuit size, amplification circuitry can be dedicated to each pixel in a CMOS photostructure array rather than to an entire column or row. Photodetectors in these active pixel architectures experience a much smaller capacitance on the input transistor channel (amplification circuit inputs) and therefore exhibit significantly reduced electronic noise. Equivalent noise levels of 20 electrons per pixel have been demonstrated in research efforts on CMOS arrays [35] . Thus, although the inherent gain of the CMOS photodetector structure is lower than that of the PMT and the APD, it is apparent that the cost, size, fabrication, power, and operating voltage advantages of CMOS in combination with low electrical noise realized in active pixels structures make them a viable alternative to both CCDs and PMT/APD methods for detecting fluorescent and luminescent signals associated with biological events. The spectral sensitivity of a CMOS photodetector structure can be adjusted with the way in which the photodetector is driven electrically [36] , or it can be adjusted by combining photosensor with different spectral sensitivities in standard CMOS processes into a single compound photodetection structure to achieve desired spectral sensitivity [37] .
Adaptation of CMOS photodetector structures to the low spatial resolution, stringent spectral sensitivity, and high signal-tonoise performance required of biological sensing and analysis can be broken into two broad categories: the fabrication of novel photodetector structures and the design and demonstration of novel transduction circuits suited to these applications. Standard CMOS processes offer limited control of junction depths and materials for adjusting spectral sensitivity in the design of novel CMOS photodetector structures. However, the buried double p-n junction (Fig. 8) [38] uses the ratio of two photocurrents at two different junction depths to acquire spectral information starting at 430 nm, a common spectral range of interest in bioanalysis applications. Spectral responsivity of up to 0.2 A/W (photocurrent divided by impinging optical power) is typical in the shallow photodiode junction at wavelength sensitivities between 400 and 500 nm, while color information is obtained from the ratio of the shallow junction photocurrent to the deep junction photocurrent. Using the shallow junction photocurrent and the ratio of the shallow and deep photocurrents, spectral information across a range of wavelengths can be approximated.
An example of effective transduction strategy in an active pixel architecture is a charge amplifier that forces a photodiode to remain under constant reverse bias, thereby keeping the electronic properties constant even under the influence of changing light input. The charge amplifier configuration allows a linear response of the electrical output to impinging optical power, limiting temperature sensitivity of the device. The constant reverse bias in this same charge amplifier configuration maintains a constant electrical current through the device while the photon-induced current varies in response to light. Signal to noise performance of this CMOS device is reported to be as high as 66 dB at 10 mW cm optical power [39] .
Other representative CMOS photodetector structures and transduction strategies that demonstrate appropriate performance levels for biological sensing and analysis applications are summarized in Table III [41] . The microluminometer, using both electrode configurations optimized to reduce noise and current-to-frequency signal processing circuitry to enhance sensitivity, demonstrates performance comparable to PMT-based detection systems at cell concentrations ranging from to CFU m.
In summary, the CMOS photodetector will continue to be competitive for integration into small, low-power systems for biological instrumentation and sensing. Traditional shortfalls of these structures have been significantly improved through decreasing feature size, creative photodetector structures and innovative transduction strategies.
XI. APPLICATION OF PHOTODETECTORS TO INTEGRATED BIOLOGICAL MICROSYSTEMS
Fully integrated biological microsystems are often targeted toward applications either in the medical industry or in the biologist's laboratory. For both applications, the advantages of building a miniaturized integrated system include smaller sample size, faster detection, and ideally less technical training required in order to obtain accurate results. For the medical industry, microscale systems are ideally battery-powered portable devices that can be used on-site, for example in an ambulance. In life-threatening situations, the time it takes for a medical technician to obtain information about the patient, including blood type, the presence of drugs in the body, or the extent of the injuries, will determine the type and quality of the care of the patient [49] . The generally less-invasive sensing process used by microscale devices also reduces any further damage done to the patient. In the laboratory, microscale devices tend to focus on either automating the sample preparation, sorting, and handling process, as well as increasing the accuracy of the experiment through conformity of experimental parameters, or on pushing the limits of detection to the single cell level. Through automation, biologists have more flexibility to try new experiments through the decrease in time needed to perform experiments as well as the ability to obtain more data for a given sample size. Detecting smaller samples is attractive since it provides information about the actual state of the sample rather than a time-averaged value.
For both applications, the main problem with respect to the photodetection process is transporting the light signal to the detection window with minimal loss. Laboratory equipment and large instruments use fiber optic coupling to integrate the fluidic system (microscale or otherwise) to the optical detection system, but as systems move toward fully integrated handheld systems in which size becomes critical, the interface to the optical detector will have to be reconsidered. Some research has already focused on integrating waveguides on-chip with the photodetector [50] . Although small in size, the integrated waveguides have the disadvantage that they cannot be adjusted once fabricated. Microoptical benches provide an intermediate stage between flexibility and full small-scale integration [51] , [52] . In these systems, microscale optical elements are secured using a material that can allows for later adjustment in case of mistakes or redesign. Another promising technique is to use the optical properties of the device to guide the light signal directly to the photodetector. For instance, the refractive indices of a capillary filled with liquid can be designed so that the entire capillary tube becomes a waveguide [53] . Photodetectors located at the ends of the capillary can collect the light generated from the fluorescent sample.
Other factors that should be considered in the selection of a photodetector for a biological analysis application are the size and power requirements of the photodetector, electrical operating parameters of the overall system, fragility of the optics for use in rugged environments, and scaling effects on the optical system. For example, the high voltages (electrical parameters) used in capillary electrophoresis make silicon an unsuitable choice for substrate material [54] . Similarly, high voltage and power requirements required to operate APDs and PMTs may make them unsuitable for use in portable applications where high voltage generation is not possible due to power or weight constraints. Optical components are often carefully aligned, and some disturbance of the system can result in a deterioration of its functionality. The photodetectors may themselves be fragile; for instance, some PMT photocathodes suffer performance degradation if exposed to too much light.
These factors, in addition to the basic performance limitations of the photodetecting device make the selection of the appropriate system for biological analysis complicated. However, by matching the optical system metrics with photodetector metrics, and by accounting for trade-offs, alternative photodetectors chosen based on other factors such as size and power can be intelligently selected for use in fully-integrated biological systems.
XII. CONCLUSION
We have reviewed photodetectors in the context of detecting light-emitting reporters for biological applications. Detector performance metrics that are most relevant to biological sensing and analysis emphasize, in order of priority, the lower limit of signal detection, the resolution, and the speed of the device. Lower limits of signal detection are determined by a combination of gain, noise equivalent power, quantum efficiency, detectivity, and dark current. Resolution is defined by responsivity and response time. Secondarily, the type of information provided by the photodetector, for example spatial information, may be an important factor in choosing a photodetector for an application. Other factors such as size, power, cost, and ease of implementation may also be relevant.
The PMT is the most popular choice for biosensing and analysis applications because it has high gain and responsivity, but the need for high voltage operation of the PMT and its large size limit its suitability for integrated applications. The APD is an attractive alternative to the PMT because it can be reduced to microscale sizes and still exhibits moderately high responsivity and gain. Drawbacks of the APD are the high voltages required for its operation, custom fabrication steps needed to fabricate an APD, and dependency on complicated supporting circuitry may limit its usefulness in integrated modules. The CCD is an attractive choice for microscale systems because of its fabrication maturity, small size, and two-dimensional imaging capabilities. However, high dark currents and limited gain can prevent it from being useful for small reporter count measurements. Finally, CMOS structures are inherently less efficient because the material is an indirect bandgap material (silicon) and the fabrication process is not designed for photodetection applications, but these devices are also the most compatible with single chip or microscale systems. Other advantages include cost, simplicity of operation, and the mature development of circuitry that partially overcomes its limitations.
It is clear from the current state of design and research in biological sensing and analysis systems that the full performance limits of many alternative photodetection technologies are not clearly characterized yet. The success of the PMT and APD may preclude the expansion of alternative photodetectors into the biosensing arena except in applications where low voltage operation and highly compact size are critical to the success of the system (such as in the portable or throw-away module). Detection limits of the photodetector itself are often not well correlated to the analyze detection limit, and it remains to be seen whether alternative devices will be selected for use in biological fluorescence detection systems or will continue to be a secondary choice for full integration.
